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Introduction

The Los Ahrrms National Laboratory has ap lied the ex-
7plosive magnetic flux compression generator (FCC technology

to the high-energy foil-implosion project, Trailmaster, 1 to reach
energy levels unattainable by other methods under current bud-
get constraints. A required component for FCG systems is a
power-conditioning stage that matches the slow riaetime of the
energy source with the faat-risetime requirements of the foil-
implosion load. Currently, the Traiimsster concept is based on
a two-step process of combining an intermediate power com-
pression stage with a plasma flow switchz (PFS) that will de-
liver energy to an imploding foil on the order of 100 m. The in-
termediate power compression _Lage, which is the main empha-
sis of this report, consists of an energy storage inductor loaded
by the FCC the energy source) and an associated opening and

IIclosing switc . In our Pmcyon testing series, a subtssk of the
Trailmaster project, we have explored two approaches for open-
ing and closing switches. One uses an explosive opening switch
(EFF) and a detonator-initiated closing switch, the topic of an-
other paper at this conference,3 and the other a resistive fuse
opening switch and a surface tracking closing switch (STS), the
subject of this presentation. This latter concept was success-
fully tested last summer with a complete plasma flow switch
assembly except the dynamic implosion foil was replace by a
rigid pu+sive inductive load. We present data on the perfor-
mance of the fuse opening switch, the surface tracking closing
switch, and the plasma flow switch.

SvsterrL.OLseration

An operational schematic is presented in Fig. I, giving the
circuit parameters. The energy source is the Marl: IX expl{,-
sive flux compression generator that has a 7,2-~H initial Statoi

i!lductallce that decrvaaes to less t]lan l-nll filial inductance
Ai}l>roxlrllalcly 30% of [he initial generator flux is lrallsmitt( (1
t{, t}lc ‘15-rill storage illlluctor, I.,, over a time period of ~,u ps
lor ttlo t,xprriment. L, cotlttiir,rd 13 MJ of stored vnergy. 1)~1-
tiverirlg ttlis energy into tht 1’1’S is the fll]i[ lion of ttlv opening
switch, S1, and ttlr r Ioning vltc}], S2, The mcasur(d currvnt
WaV($f(JrHL\ III thC eX~)eri IIleIlt <ire ktlown ill ~1~ ‘2,

After this fuse design was implemented the PFS wire array
maas was decreased and the. gun length shortened relative to
the initial design specifications. These changes resulted in a
faster plasma run down and earlier pinch and hence higher
impedance. To accommodate these changea the fuse should
have been lengthened to increase the resistance but the changes
could not be implemented resulting in some loss of transferred
current.

1. ....... _J___ ~

Fig, 1, ‘1’lle top of the Iigurc is a scaled drawing of the coln-
plete !)SS3 ~](}w(ir-col~ditit>rlir]gsystem used for tht~ J)r,~,-y~Jil
furw tc... ‘rho solid black portions are conductor, ths! (’T(JT4ti-

hutrh~,d i]urtitlrrs arc inuulatorn for voltsqy atnndoff, and th~
unl,larkwi portions are uither vacuum or air, Ikw(,r in nuppliwl
t(I tlw rrystvtll frw~l th~ Iwttortl by the Mark JX 1;(:(;. Thr bot-
ttjrl) of ttw figurv i~ ttw circuit equivalent,

(.:lvsillg Swit( II

-, 1-



STS capacitmce.” The STS de-sign is shown in Fig. 4. Tracking
is a~ong the interior insulating surface of the cylindrical switch
and the return current is along the cylindrical conductor sur-
rounding the tracking surface insulator.

Fig. 2. Currents measured by Rogowski loops and Faraday
rotation. Current is switched into the PFS at 326.8 US. Times
are relative to the time when the capacitor bank is switched
into the Mark IX FCC.
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This switch was empirically designed through testing with
a large capacitor bank. We found that unless the material in
the interior volume of the STS supporting insulator was relieved
around the tracking surface, the switch displayed anomalously
high resistance, We also determined that machining grooves
in the top and bottom portions of the insulator sections still
supporting the tracking surface caused the breakdown tracks
to occur at these groove positions. This gave us a method of
insuring a uniform track distribution around the tracking sur-
face. The PSS3 switch had 48 machined grooves evenly spaced
around the periphery of the supporting insulator. Recovery of
the switch section after the experiment revealed that the switch
had indeed tracked very uniformly. Switched current into the
PFS for the PSS3 experiment is shown in Fig, 2.

A31QlM&

Before proceeding, it is important to realize that the PFS
is a dynamicai load consisting of an annular plasma washer
formed by vaporizing a wire array immediately after switching
This plasma is propelled down the coaxial power-flow channel
and collapses into a radial notch at the end of. the channel.
Simulation of the plasma behavior immediately prior to com-
pression of an implosion foil is provided by this notch. The
time-dependent inductance of the PFS resulting from this mo-
tion is metwured acrorw the powex dow channel and the power-
flow current waveform. The measured inductance is shown in
Fig. 5 along with the predicted inductance for a thin slug of
pltuma roofing down the power-flow channel.

so,
Plasma Flow switch

2s Inductance

5L..—-———...—.-.....-..—.4-— . . . . .

320
. .. ... . . . . . ..

320 .332 336 344 3.

Tlmo (VSOC)

I’ig. 5. Measured and computed inductance of the plasma flow
switch (PFS), “1’hecalculated inductance amurnes the ulaatna\–
stops at the wld of the PFS gun notch location, where’sa, the
plaarna actually pinches into tho notch and continues to flow
out of the gun wernbly, thus, accounting for the continued
rise in inductance of the measured curve. ‘l’lie dotu indicnto
the down-streatn inductance of t!~c I’FS at the plasma arrival
time for thrcr small current loups npaced along the plastna flow
channel.

our pwthwl of rvaluuting syrntern )crformarlre is to Iouk
1at nyntcrn flux Iotnwm Mince we know t I? syotvnl incfuctanco,

mnd dotcrll)iilo how thww cufllparc with the ideal ~yntctll, W(I
nlrw run) )nrr tlw wtwunt uf current av~ilahle to thv I’FS at tlw

\tirlw of p nsnlu illlplo~if)ll relntive to tho currrnt nvniluhlo ill tlw
indurtivc rntortl, ltI I;ig. (} wo prcncut the flux that in rmidont it]
tlw gotiorntor tI,IId ttlv inductivr ntur~ with curve 1 nlld the flux
transforrd tu the I’FS Imd ito usauciatcd puwcr-llow channel
with II IIWI 2, lIIrludd itl curve 2 in tlw extra inductan(c i~icked
up Itl thontfnugr ilidu(tor ljcraua~ of the diff?rill current path

!for thv currvtlt nhuutml tu thr l)FS, Not includw iIItlw flux it)
thr CIosirlg nwitch itlductnnco RiIICCnt ~)rrncnt thin in UnknOWtIl
A third curve giww the RUIIId curvti 1 mIId 2 mtld is thrtotal
Iryntvlll flllx

.!3-



1.4 L_ . --
----

1.2 ‘\ MUC!l WO Slore Flux
‘1.

\
1.0 “-

I.. .
.-.,. l“O.<1,., ,.
: 510,. ~l. n “.. ..

0.8 ; “ 1-. -- {- . -- ‘---
0.6 : “ 1[.?. - ,“ ,. ,,, ,.

0.4 T,m, :,,,..1
i

PFS Flux ~ h:~zt<-
315 3fll 3>; 326 320 333 338 340 343 347 350

Time (Vsec)

Fig. 6. Magnetic flux present in the storage inductor and the
PFS. These curves were inferred from the measured and tire,?
derivatives and the system inductances. The flux loss from the
surface tracking switch (STS) is the integral w.r. t. time of the
STS voltage.

The initial system flux resulting from the capacitor bank
loading of the Mark IX generator is 3.3 Wb, which drops to
1.25 Wb at the end of the generator run. This loss is typical of
the Mark-IX generator and is mostly due to flux diffusion into
the stator conductors and is unrecoverable. From 320 ps to
328 ~, 0.08 Wb is lost as the fuse resistance increases creating
a substantial voltage across the fuse and, hence, flux transfer
into the PFS region. Since the closing switch haa not yet closed
this flux escapes the system altogether. After the closing switch
starts conducting, the flux loss continues due to resistive drop
across the STS and inductance changes in the SI’S. Indeed, if
all the flux lose is attributable to the STS, then we can in-
fer the voltage arop across this switch (shown in Fig. 7) from
the power-flow meaaurwnents. The actual resistive crmtribu-
tion to this voltage cannot be distinguished from the inductive
component. About 0.18 Wb of flux was lost out of 1.18 W b
remaining at time of current transfer. This is a 15% loss of flux
or a 28% loss in system energy. The best STS performance,
corresponding to a 5-k V drop across the switch, would net a
16% energy loss. Whether the PSS3 switch can be modified to
reduce three excessive inductive and resistive losses remains to
be investigated, Looking back at Fig. 2 we see that the cur-
rent transferred into the PFS is slightly more than half of the
current available at the time of pksma pinch (336 w). This
unewitched current remains in the fuse circuit and ia propor-
tional to the fuse resistance. Figure 8 ohows the fuse resistance
inferred from several of the sys:~m current waveforms. At the
time of plasma pinch the fuse resistance was 180 times the ini-
tial reaitrtance, Thiu value is rather typical of high energy fuscrn
but there is reason to expect that varying tamping, fuse length,
and thickness may improve this resistive multiplication to 300
or gre~trw. Under thin circumatnncc wc would expect to MW
14 M A transferred,

A blowup of the dI/dt of th~ PFS rrwrnls the mwllt his-
tory of tlw rxplo{lina wire army, ‘1’hvwent hihtory is drtnilr[l
in l$ig. 0 mlrl corrcmprmda almost cxlwtly with the nvuilnhlr
vlnpirirnl data on exploding wiron. ‘1’hv nignilicum{l 0( this ,,1,-
norv~tion in thut it! ordrr 10 3W thin detail, tho wirr nrray hMl tt)
rxpludc ninlt~ltnnwmniy over th~ whulo nrcal Thin indicalen that
the currwlt tlow in ttw power channel WIM uniform an munt havo
}MWn ttw rurrwnt arronn tlm S’l’S1‘1’hero werv mvwnl ninglo-turn
nm~twtic pirkup hmpn in thr powrv fhjw channel. ‘I”hc l~[Mllln
Mrrivnl lilnr at ltmv loop In plottm! vmau8 tlm I’FS inductnnrt*
for n thiu plnnma wanlwr atld indicntwf in Fig. 5 lJy tlm clwwd
rirrhw, ‘1’hr fact thnt thrwc puintn full 80 clune to ttw mrnxurrd
rurvr rnu load to the inlrrprotatiotl that the r!urrrwt in rutl -
fined to ~ thin plMtnn disk, Anot}wr pspor at thirn cotlf’orcl)rv
prwwfltn data otl 1110plnama run down in the l)k’S.7

Fig. 7. Puce voltage w~ inferred from the time derivative of the
storage inductor current added to the –rfO/dt of the Mark IX
FCG. The PFS voltage was memured directly by an electric
field probe inserted into the power flow channel. The STS volt-
age is the difference between the two above measurements lees
a correction for 5-nH additional inductance resulting from the
altern:!e condition path in the storage inductor. The voltage
across the STS was 17 kV when the switch closed,
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I+7g. 8. Fu~e resistance inferred fror.1 the. fuse voltage divided
by the fuse current. Calculated initial resistance of the fuse was
26 /Afl.
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$nchirvwl 70A of our donign umd hy providing 10 MA of currout



. t’o the PFS at foil implosion time. Very possibly an improved
STS design and a different fuse parameter regime could lead to
a realization of the full 14 MA delivered to the PFS at Finch
time.
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